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h i g h l i g h t s
� Granular CoCrPt/SiO2 films with different thickness were deposited by magnetron sputtering.
� Microstructural properties were found to change with increasing thickness.
� The magnetization reversal mechanism was investigated at room temperature.
� The importance of coherent magnetization reversal processes increases with increasing the magnetic layer thickness.
� The results were confirmed by numerical micromagnetic simulations.
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a b s t r a c t

The effect of the thickness and microstructural features on the switching behaviour of granular
CoCrPt:SiO2 films with perpendicular magnetic anisotropy was investigated. TEM plane view and cross
section analysis indicate that, while the very first layers grow as uniform nanograins in close contact, the
growth proceeds by formation of well-defined CoCrPt columnar islands (7 nm average size) separated by
the silicon oxide, the distance among the islands remaining roughly constant along the whole thickness.

The relation between such non-uniform microstructure and the magnetization reversal mechanism at
room temperature was investigated by performing hysteresis loops at variable angle as well as time
dependent measurements by using a vector vibrating sample magnetometer. Numerical micromagnetic
simulations of the hysteresis loops have been carried out to support the description of the experimental
observations. The results showed a coexistence of coherent and incoherent reversal processes, the former
being more and more pronounced with increasing the magnetic layer thickness, consistently with the
microstructural investigations.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

The great technological potential of nanostructured magnetic
materials warrants continued study of their structure/magnetic
property relationships. As an example, in magnetic recording media,
controlling the easy-axis orientation and intergrain interactions and
understanding how these properties are affected by the real struc-
ture are necessary steps to realize an advanced magnetic recording
medium with optimized signal-to-noise ratio, thermal stability and
varo).

All rights reserved.
write-ability requirements [1]. In commercial hard disk drives, the
recording layer of the medium consists of a continuous CoCrPt film
coupled with a granular thin film made of single-domain CoCrPt
grains with perpendicular magnetic anisotropy, separated by
Si-oxide [2]. Ideally, the Si-oxide at the grain boundaries should
completely prevent the ferromagnetic exchange coupling among
neighbouring grains and the magnetization reversal would be
consistent with a StonereWohlfarth behaviour (coherent reversal)
[3]. In general, in thin films, strong exchange intergrain interactions
can arise if grains are in contact, however, the strength of such in-
teractions can greatly vary, depending on the nature of grain
boundaries, the presence of a crystalline or amorphous matrix,
etc. [4e6]. Furthermore, in real systems the actual quality of grain
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Table 1
Experimental FWHM values of the rocking curves obtained from the CoCrPt and Ru
(002) peaks.

ID FWHMCoCrPt [�] FWHMRu [�]

ML7.5 12.9 � 0.1 10.4 � 0.1
ML10 13.5 � 0.1 11.7 � 0.1
ML17.5 12.3 � 0.1 11.6 � 0.1
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isolation, which strongly affects the performance of the recording
medium, also depends in a quite complex way on the characteristics
of the interlayers and seed-layers used in the complete stacking
sequence [7] as well as on the film thickness [8,9].

In the present work, we report on the investigation of magne-
tization reversal mechanism of granular CoCrPt:SiO2 films with
variable thickness and its correlation with structural (XRD, XRR)
and microstructural (TEM) properties. The magnetic study was
carried-out by performing hysteresis loops at variable angle as well
as time dependent measurements by using a vector vibrating
sample magnetometer (vVSM). Numerical micromagnetic simula-
tions of the hysteresis loops were carried out to support the
description of the experimental observations.

2. Experimental details

[(Co90Cr10)80Pt20]92:(SiO2)8 thin films with a nominal thickness
of 7.5, 10 and 17.5 nm (hereafter referred to as ML7.5, ML10 and
ML17.5) were deposited by magnetron sputtering on 2.5-inch hard
disk HOYA substrates, with a complex underlayer structure e

Cr(2.5 nm)/Ru(8 nm)/Ru(12 nm) e aimed to promote a perpen-
dicular anisotropy and good microstructural properties; films were
covered by a 4 nm protective overcoat of diamond-like carbon.

Structural andmicrostructural characterizationwere carried out
by X-ray diffraction (XRD), X-ray reflectivity (XRR) and trans-
mission electron microscopy (TEM) techniques. XRD and XRR
measurements were performed by a Bruker D8 Advance diffrac-
tometer operating with a Cu-Ka radiation source. The XRR curves
were fitted by the Leptos 3.03 simulation program. TEM analysis
was carried out by a Philips CM200 electron microscope operating
at 200 kV. For TEM cross-sectional and plan-view observations,
samples were prepared by the conventional thinning procedure
consisting of mechanical polishing by grinding papers, diamond
pastes and a dimple grinder. Final thinning was carried out by an
ion beam system (Gatan PIPS) using Ar ions at 5 kV.

Magnetic measurements were carried out by using a vector
vibrating sample magnetometer (vVSM, ADE-Technologies Model
10) equipped with 4 pick-up coils and an electromagnet, which
supplies a maximum field of 2 T.

Micromagnetic simulations of room temperature magnetization
loops were performed by numerically solving (finite difference
method) the standard LandaueLifshitzeGilberteLangevin equation
for the time evolution of the magnetization, using the commercial
LLG Micromagnetics Simulator� [10]. To allow a meaningful
Fig. 1. XRD spectra of sample ML7.5, ML10 and ML17.5.
comparison with experimental results, material parameters were
chosen consistently with experimental values.

3. Results and discussion

3.1. Structural and microstructural analysis

X-ray diffraction patterns of the samples are shown in Fig. 1. The
diffraction pattern of sample ML17.5 shows two well-defined main
peaks. The most intense peak, labelled as Ru (002), is due to the
underlying dual Ru layer, while the second lower intensity peak is
attributed to the (002) reflection of the hexagonal CoCrPt recording
layer. The absence of any other Ru or CoCrPt peaks suggests a
preferential growth of both layers with the c-axis perpendicular to
the substrate. For samples ML7.5 and ML10 quite similar XRD pat-
terns were observed, but only the Ru (002) main peak was clearly
identified. For these samples, the intensity of the CoCrPt reflection
is reduced and appears as a shoulder of the Ru (002) main peak.

The degree of preferential growth along the c-axis of CoCrPt and
Ru layers is estimated bymeasuring the full width at half maximum
(FWHM) of the corresponding rocking curves. The experimental
values obtained by a Lorentzian interpolation of the peaks are re-
ported in Table 1. For each sample, the FWHM values of the CoCrPt
and the Ru layers are comparable, suggesting a good epitaxial
growth of the magnetic layer on the Ru interlayer. However, FWHM
values of 10e12�, slightly larger than those commonly reported in
similar systems [11], are observed.

To fully characterize the samples in terms of thickness and
roughness of each individual layer, XRR investigations were per-
formed. Fig. 2 shows the experimental XRR data for the three
samples with superimposed the corresponding fitted curves.
Thickness (th) and surface roughness (s) of the CoCrPt layer are
reported in Table 2; errors of 3% and 10% should be considered for
thickness and roughness, respectively. For the three samples the
Fig. 2. XRR experimental data (e B e) and best fitting (continuous line) for samples
ML7.5, ML10 and ML17.5.



Table 2
Best fitted values of thickness (th) and roughness (s) of the CoCrPt layer.

ID sample th [nm] s [nm]

ML7.5 7.8 � 0.2 1.0 � 0.1
ML10 9.2 � 0.3 1.3 � 0.1
ML17.5 17.2 � 0.5 0.7 � 0.1
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thickness estimated by the fitting software (Leptos 3.03) [12] re-
sults to be very close to the nominal value. The roughness is com-
parable for all the three samples and the low values observed
indicate that they present a quite smooth surface.

Fig. 3(aec) shows TEM plan view images of the samples. Fine
grains with an average size of 7 nm, well separated by amorphous-
like material (Si-oxide), are clearly visible for all samples. The
selected area electron diffraction (SAED) pattern of sample ML17.5
is presented in Fig. 3(d). The sequence of the rings in the SAED
pattern confirmed the preferential (002) texture of the CoCrPt layer,
while the uniform intensity of the rings indicated a random dis-
tribution of the CoCrPt grains orientation around the c-axis. The
SAED patterns of the samples ML7.5 and ML10 revealed a similar
ring intensity and geometry.

Both TEM diffraction and X-ray data were used to estimate the
lattice parameters of the hexagonal CoCrPt compound. Values of
a ¼ (0.257 � 0.003) nm and c ¼ (0.420 � 0.003) nm are obtained in
agreement with values expected for a 20% at. Pt content.

It is worth to note that the TEM plan view observations did not
reveal any appreciable difference in the structure of the three
analysed samples. However, it must be considered that the TEM
Fig. 3. TEM plan view of samples ML7.5 (a), ML10 (b) and ML17.5 (c). The selected a
plan view technique allows observing only the superficial layer of
the sample due to the thinning procedure that completely removes
the substrate and the innermost part of the deposited film. To
investigate the structure through the entire thickness, cross
sectional TEM observations were also performed (Fig. 4(aec)).
Comparing the three different samples one can observe that the
upper part of the films is very similar in terms of lateral grain
dimension and separation among grains, as already observed in the
plan view images (Fig. 3(aec)). On the contrary, different micro-
structural features can be observed in films with different thick-
ness. All the samples can be considered as formed by an initial thin
layer at the interface with the Ru underlayer, consisting of nano-
grains physically in contact among them; on top of such layer, well
separated columnar islands grow, whose height increases with
increasing thickness, with an intergrain distance remaining roughly
constant through the entire film thickness (Fig. 4(c)).

Such peculiar microstructural features are expected to strongly
influence the magnetization reversal mechanism, in particular
because the relative importance of the columnar vs. quasi-
continuous morphology changes with the thickness. To study in
detail the magnetization reversal mechanism, angular and time
dependent measurements as well as numerical micromagnetic
simulations were carried out.

3.2. Magnetic properties

Room temperature perpendicular and in-plane hysteresis loops
are shown in Fig. 5(aec). All samples exhibit a strong perpendicular
magnetic anisotropy although a weak in-plane (hard axis) hysteretic
rea electron diffraction (SAED) pattern of the sample ML17.5 is reported in (d).



Fig. 4. TEM cross section of samples ML7.5 (a), ML10 (b) and ML17.5 (c).

Fig. 5. Normalized (M/Ms) perpendicular (e C e) and in-plane (e B e) magnetiza-
tion loops at room temperature for samples ML7.5 (a), ML10 (b) and ML17.5 (c).
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contribution is also present because of the angular dispersion of the
easy axis (c-axis), as indicated by the structural analysis.

To enable a comparison among the films, the values of
perpendicular coercivity (Hc,t), reduced remanence (Mr,t/Ms) and
coercive squareness S* ¼ 1 � Mr,t/aHc,t (where a is the hysteresis
slope at coercivity) were evaluated and are summarized in Table 3
together with the values of the saturationmagnetizationMs and the
effective anisotropy constant expressed as Keff ¼ m0HkMs/2, where
Hk is the anisotropy field estimated as the field where the in-plane
magnetization (hard axis direction) and perpendicular magneti-
zation curves merge.

Keff and Mr,t/Ms do not change significantly with increasing the
magnetic layer thickness, with values of w5e6$105 J m�3 and
w0.85, respectively; in contrast, Hc,t and S* strongly depend on the
magnetic layer thickness: m0Hc,t increases from (170 � 5) mT to
(475 � 5) mT and S* decreases from (0.49 � 0.01) to (0.17 � 0.01)
with increasing thickness. The reduction of both coercivity and
coercive squareness with increasing magnetic layer thickness, in-
dicates that, overall, the intergranular exchange coupling, which
promotes cooperative reversal, progressively reduces. This is
related to the non-uniform microstructure developing along the
film thickness as evidenced by the TEM analysis (Fig. 4); in
particular, on increasing the thickness, the relative importance of
the region with well separated islands raises, leading to a decrease
of exchange coupling among grains.
Information on the magnetisation reversal was derived by
measuring at room temperature the angular dependence of the
switching field (Hsw vs. f), where f is the angle between the
applied field H and the easy axis EA, as defined in the inset of
Fig. 6(a) and comparing the results with the theoretical Stonere
Wohlfarth (SW) [13] and Kondorsky [14] models (Fig. 6(b)). The
Kondorsky model describes the magnetic reversal of continuous as
well as of highly exchange-coupled films by domain wall motion
(incoherent switching). In our case of nanogranular films with an
average grains size of 7 nm, the existence of domain walls can be
related to the formation of magnetic domains involving a number
of individual grains, termed “interaction domains” [15,16]; in such a
case the magnetic reversal can be controlled by expansion of the
interaction domains and the movement of domain walls. On the
other hand, in the SWmodel, themagnetization reversal of a single,
isolated and uniaxial particle/grain occurs through coherent



Table 3
Main magnetic parameters obtained from the analysis of the perpendicular and in-
plane hysteresis loops.

ID
sample

Ms

[MA m�1]
Keff

[105 J m�3]
Mr,t/Ms m0Hc,t

[mT]
S*

ML7.5 0.88 � 0.03 4.8 � 0.2 0.86 � 0.02 170 � 5 0.49 � 0.01
ML10 0.84 � 0.03 5.3 � 0.3 0.84 � 0.02 255 � 5 0.27 � 0.01
ML17.5 0.88 � 0.03 5.7 � 0.3 0.88 � 0.02 475 � 5 0.17 � 0.01

Fig. 7. Numerical micromagnetic simulation of room temperature hysteresis loops for
sample ML17.5. e B e: experimental data. Continuous line: simulated curve with
parameter Aint ¼ (0.7 � 0.1)$10�11 J m�1 and K ¼ (5.5 � 0.5)$105 J m�3; dotted line:
simulated curve with parameters Aint ¼ 0 and K ¼ (5.5 � 0.5)$105 J m�3.
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rotation of the magnetization vector. This model can be applied to
highly oriented particulate media and non-interacting granular
films.

The angular dependence of the switching field was determined
bymeasuring at different f values, a series of the so-called easy axis
DCD curves (Direct Current Demagnetization curves) by using the
following non-conventional procedure [17]: first, a negative satu-
rating field is applied along the easy axis, then the field is reduced
to zero and the magnet is rotated to an angle f from the initial
position. In such a way, the initial magnetization state is the
remanent state along the easy axis direction. Starting from an initial
applied field of 20 T (and without further rotation) the so-called
easy axis remanent magnetization (Mre) is measured along the
easy axis direction after each reversing field application until the
maximum positive field is reached. This procedure is then repeated
for different values of f. From each easy axis DCD curve, the
remanence coercivity Hr (defined as the point where the rema-
nence is zero) is determined. According to [17], the so-deducedHr is
more appropriate to investigate the switching process with respect
to the remanence coercivity evaluated by using the conventional
procedure where the DCD curves are collected along the field di-
rection. Indeed, when the conventional procedure is used, Hr is
equal to the switching field Hsw only along the easy axis, whereas at
other f angles, Hr and Hsw are not necessarily equivalent. On the
other hand, when the non-conventional procedure is adopted, the
equivalence between Hr and Hsw is expected at each f angle. The
easy axis DCD curves of the sample ML17.5 are shown in Fig. 6(a),
whereas in Fig. 6(b) the angular dependence of Hsw of all samples,
normalized to the switching field along the easy axis (Hsw,0�), is
reported together with the theoretical StonereWohlfarth and
Kondorsky switching curves.

Coherent and incoherent reversal processes coexist in all the
samples and the degree of coherence enhances with increasing
magnetic layer thickness, as indicated by the depth of theminimum
at 45� which reaches the lowest value (Hsw,45�/Hsw,0� ¼ 0.76) for the
thickest film. These results are consistent with the non-uniform
Fig. 6. (a) Room temperature normalized (Mre/Mre,H¼0) easy axis DCD curves of samples ML
easy axis EA (inset). (b) Angular dependence of the normalized switching field (Hsw/Hsw,0�) o
Wohlfarth (continuous line) and Kondorsky (dashed line) switching models are also report
microstructure, which develops along the film thickness. Inco-
herent switching behaviour is due to the initial layer consisting of
grains in close contact; the increasing portion of the region with
well separated grains enhances the coherent behaviour with the
increase of magnetic layer thickness.

It can be noted that numerical simulation of perpendicular
hysteresis loops of samples ML17.5 (Fig. 7) well reproduces the
experimental findings, taking into account a finite level of inter-
grain exchange coupling (Aint), lower than the bulk exchange con-
stant (Abulk w 1$10�11 J m�1), even in this sample. Indeed, the
simulated loop for a CoCrPt film with fully exchange decoupled
grains (Aint ¼ 0; dotted line in Fig. 7) shows larger coercivity values
and loop closure at fields higher than the experimentally observed
values.

To confirm the analysis, the effect of thermal activation on the
switching process was also taken into account. Indeed, the exper-
imental data were collected at a finite temperature, while the two
theoretical switchingmodels apply at zero temperature. This aspect
was investigated for sample ML17.5, which presents the strongest
coherent switching character. A series of remanence curves were
measured using field waiting times t between 10 and 1000 s by
applying the reverse field (for t seconds) along three different f

angles (0�, 45� and 90�) and measuring the moment along the easy
axis direction (Fig. 8(a)). From each of these curves the switching
17.5 collected with the field applied along different f angles with respect to the sample
f samples ML7.5 (e : e), ML10 (e C e) and ML17.5 (e B e); the theoretical Stonere
ed.



Fig. 8. Sample ML17.5 e (a) Room temperature easy axis remanence curves measured
along the film normal for different field waiting times (10 < t < 1000 s); inset:
magnification of the curves around HrhHsw. (b) Time dependence of Hsw measured at
three different f angles: 0� , 45� and 90� . (c) Angular dependence of the normalized
switching field (Hsw/Hsw,0�) before (e C e) and after (e B e) correction for the
thermal effects; the theoretical StonereWohlfarth (continuous line) and Kondorsky
(dashed line) switching models are also reported.

Fig. 9. Sample ML17.5 e (a) Family of Mirr vs. ln(t) curves measured at room tem-
perature for different reversing fields H ranging between 4.4 and 5.2 kOe; the Mirr/
Ms ¼ Const lines are reported (C ¼ 0, �0.005, �0.01, �0.015). (b) Family of H vs. ln(t) at
different values of Mirr/Ms around the remanence coercivity (i.e. Mirr/Ms ¼ 0).
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field values (hHr) were extracted and plotted as a function of the
waiting time in Fig. 8(b). Then, the experimental data were fitted
with the Sharrock’s equation [18] in order to obtain by extrapola-
tion the time independent switching parameter Hsw0 (i.e. the
switching field at 0 K):

Hswðf; tÞ ¼ Hsw0ðfÞ
�
1�

�
kBT
KV

lnðAtÞ
�n�

(1)

where A is the frequency factor (assumed to be 109 Hz), kB is the
Boltzmann constant, T is the absolute temperature and V is the
volume where the magnetization reversal occurs. The value of n is
dependent on the orientation of the anisotropy axis and it is set at
1/2 for f ¼ 0� and 90�, and at 2/3 for f ¼ 45�, being the reversal
mechanism of the sample ML17.5 prevalently StonereWohlfarth
like [18]. The switching fields at 0 K (Hsw0) and 300 K (normalized
to the switching field along the easy axis, Hsw,0�) are shown in
Fig. 8(c): the shape of the two curves are quite similar revealing a
further reduction of Hsw0,45�/Hsw0,0� ¼ 0.67 after the correction,
indicating that the reversal mechanism of the investigated samples
is essentially the same arising from the analysis of the room tem-
perature angular dependence of the switching field.

The gradual reduction of the intergrain exchange coupling with
increasing the magnetic layer thickness is expected to affect the
activation volume vact, which is defined as the smallest unit reversing
its magnetization. Due to the perpendicular anisotropy of the films,
in order to compensate for the self-demagnetization fields, the
activation volume was evaluated by using the waiting time method
proposed in Ref. [19]. By this method it is possible to determine the
fluctuation field Hf which is a fictitious field representing the
coupling of the thermal fluctuations with the magnetic moment:

Hfy� vH
vlnðtÞ

����
Mirr

(2)

from this field, vact can be determined by using the following
equation:

vactw
kBT

m0HfMs
(3)

According to Equation (2), Hf can be determined from time-
dependent measurements of the irreversible magnetization Mirr
at different reversing field increments. Then, at constantMirr value,



Table 4
Comparison between the average values of activation volume vact and physical
volume Vgr of the cylindrical grains (diameter ¼ 7 nm, height ¼ th).

ID sample vact [nm3] Vgr [nm3] vact/Vgr

ML7.5 650 � 60 300 � 10 2.15
ML10 660 � 60 350 � 10 1.90
ML17.5 620 � 60 660 � 10 0.95
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plots of H vs. ln(t) will be linear and the slope of the variation gives
Hf. Since the measurement of the fluctuation field is made at a
constant value of the magnetization, the demagnetizing fields are
constant and Hf can be determined independently.

The magnetization decay wasmeasured along the film normal by
using the following procedure: initially, the samplewasmagnetically
saturated along the easy axis and then a reversing fieldHwas applied
in the opposite direction; the subsequent change of the total
magnetization Mtot was measured over a period (t) of 3600 s in
presence of different reversing fields around the switching field. The
data were corrected for the reversible component of magnetization
using the DCD method where the time dependent irreversible
magnetization is Mirr(H,t) ¼ Mtot(H,t) � Mrev(H) (t ¼ 3 s) [20]. For
sample ML17.5, a family of Mirr/Ms vs. ln(t) curves measured at
different reversing fields is reported in Fig. 9(a). According to the
waiting time method, these curves can be used to directly calculate
Hf at a certain constant magnetization level. For example, at the
remanence coercivity (i.e. Mirr/Ms ¼ 0), a line is drawn and the data
point (H,t) where the time dependent curve intersects with the line
is obtained. The trend of the applied reversing field as a function of
ln(t) is reported in Fig. 9(b) for different values ofMirr/Ms around the
remanence coercivity (i.e. Mirr/Ms ¼ 0). The data in Fig. 9(b) indicate
thatH is linear with ln(t) which is consistent with Equation (2). From
the slope of these curves the average value of Hf around the
switching field, which is connected to the vact through Equation (3),
was determined. The values of vact and physical volume Vgr of the
cylindrical grains are compared in Table 4. As the magnetic layer
thickness increases, the vact/Vgr ratio decreases because of the
gradual reduction of the intergrain exchange coupling.

4. Summary and conclusions

The correlation between the microstructure and magnetization
reversal mechanism was investigated as a function of thickness in
granular CoCrPt:SiO2 films with perpendicular magnetic anisotropy.

TEM plane view and cross section analysis indicate the devel-
opment of a non-uniform grain isolation along the film thickness:
an initial layer consisting of nanograins physically in contact among
them forms at the interface with the Ru underlayer; on top of such
layer, well separated columnar grains (7 nm average size) grow,
whose height increases with increasing thickness, with an inter-
grain distance remaining roughly constant through the entire film
thickness. The increasing relative importance of the region with
well separated islands leads to a decrease of exchange coupling
among grains.

This non-uniform microstructure was found to strongly influ-
ence the magnetization reversal mechanism. The analysis of
angular and time-dependent magnetic measurements results in-
dicates that the magnetization reversal mechanism is determined
by the coexistence of coherent and incoherent processes, with a
tendency towards more coherent reversal processes (i.e. Stonere
Wohlfarth character) as the thickness of the magnetic layer in-
creases. The change in the predominant reversal mechanism is
coherent with the observed reduction of the vact/Vgr ratio (activa-
tion volume vact and physical volume Vgr of the grains) with the
increase of thickness.
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